Influence of hydrogen on the structure and stability of ultra-thin ZnO on metal substrates We investigate the atomic and electronic structure of ultra-thin ZnO films (1 to 4 layers) on the (111) surfaces of Ag, Cu, Pd, Pt, Ni, and Rh by means of density-functional theory. The ZnO monolayer is found to adopt an a-BN structure on the metal substrates with coincidence structures in good agreement with experiment. Thicker ZnO layers change into a wurtzite structure. The films exhibit a strong corrugation, which can be smoothed by hydrogen (H) adsorption. An H over-layer with 50% coverage is formed at chemical potentials that range from low to ultra-high vacuum H 2 pressures. For the Ag substrate, both a-BN and wurtzite ZnO films are accessible in this pressure range, while for Cu, Pd, Pt, Rh, and Ni wurtzite films are favored. The surface structure and the density of states of these H passivated ZnO thin films agree well with those of the bulk ZnOð000 1Þ À 2 Â 1 À H surface. V C 2015 AIP Publishing LLC.
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In the context of hybrid inorganic/organic systems, ZnO is a common inorganic component for optoelectronic devices.
1-4 However, the structure of the polar ð000 1Þ and (0001) surfaces, which is often used in these hybrid systems, is under heavy debate, [5] [6] [7] [8] [9] [10] hampering further quantitative interface studies. Another important application of ZnO lies in the field of heterogeneous catalysis. In industrial catalytic processes, ZnO supported metal nanoparticles are frequently used to convert syngas.
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In both cases, metal supported ultra-thin oxide films have been proposed as model systems to understand the interface structure and its chemistry, because they facilitate the application of the standard tool set of surface science, such as photoelectron spectroscopy and scanning tunneling microscopy, and prevent charging effects. However, some ultra-thin films exhibit their own interesting properties, [12] [13] [14] [15] which differ from bulk materials. For example, the formation of a graphitic ZnO x species was suggested and experimentally observed in the vicinity of nano-particles. 16, 17 It is thus not clear to what degree ultra-thin metal-supported ZnO films resemble the surfaces of ZnO or whether they exhibit significantly different properties.
To answer this question and to characterize ultra-thin metal supported ZnO films, we have performed densityfunctional theory (DFT) calculations for 1 to 4 layers films on various metal substrates. We focus in this paper on one geometrical property, the corrugation of the surface, and one electronic property, the density of states, and compare them to the bulk ZnO surface. Furthermore, we address the differences in the atomic structure and thermodynamic stability of pristine and H-covered ultra-thin ZnO films on the transition metals: Ag, Cu, Pd, Pt, Ni, and Rh. Other aspects that determine the similarity of metal supported ultra-thin ZnO films to bulk ZnO polar surfaces are the formation energies and charge transition levels of common defects, 18 the associated position of the films' or surfaces' Fermi level, 19, 20 and the role of the image effect induced by the metal substrate. These will be investigated in future work.
We use DFT as implemented in the FHI-aims code 21 together with the Perdew-Burke-Ernzerhof (PBE) functional 22 and a Monkhorst-Pack 23 k-grid of 15 Â 15 Â 15 k-points in the primitive unit-cell. We simulate surfaces as periodically repeated slabs. To compensate the artificial electrostatic field due to the asymmetric slab geometry, we apply a dipole correction. 24 ZnO films on metal substrates are initialized in an ideal a-BN structure. The geometry of the ZnO and the two metal layers closest to the interface is relaxed until the forces are below 0.05 eV/Å per atom. Long range van-der-Waals forces were accounted for by the Tkatchenko-Scheffler (TS)-scheme 25 with parameters adapted to surface and polarization effects. 26, 27 The parameters are listed in the supplementary material (SI 28 ). For the smallest structures (i.e., ultrathin ZnO on Cu) the PBE functional was tested against the higher level Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional. 29 The changes in relaxed geometries are small and the main difference in the density of states is the larger ZnO band gap (see SI 28 ). The starting point for our investigations are hypothetical free-standing ZnO films without a metal substrate. They adopt an a-BN structure in analogy to graphene. [30] [31] [32] [33] To obtain a stable combination of metal and ZnO mono-layer, we have to address the lattice mismatch between the two constituents. Too much strain will force the film out of its preferred planar structure towards a wurtzite-like structure. 34 According to our calculations (see Fig. 1 ), the switch from planar to wurtzite occurs at a ZnO in-plane lattice parameter of 3 Å ($9% strain). The strain in the films can be minimized by tuning the coincidence to match the in-plane lattice parameter of the ZnO ultra-thin films on metals with the lattice parameter of the free-standing mono-layer ZnO. We 
with the total energy of the coincidence slab E Tot , the energy of the 1 Â 1 metal surface E M , the energy of the freestanding 1 Â 1 ZnO mono-layer E ZnO , and the surface area of the structure A. Table I . The agreement with experimental values for sub-monolayer ZnO islands is good (Ag, 35, 36 Pd, 37 Pt, 38 Au, 39 Cu (brass), 40 and Ru (0001) 41 ). The coincidence structures for which the ZnO in-plane lattice parameter is closest to that of the free-standing structure gives the lowest formation energy. The theoretically predicted coincidence structure depends on the relation between the metal and ZnO lattice parameters obtained with a specific xc-functional. For larger coincidence structures (Ag, Pd, Pt), small changes in the lattice parameters can lead to a different predicted coincidence structure, while systems with small coincidence structures (Ni, Cu) are less sensitive (see SI 28 for a comparisons of different xc-functionals). To distinguish between the a-BN and wurtzite structure, we define the corrugation dz as the mean distance of the oxygen atoms from the plane spanned by its three surrounding Zn atoms. By this definition, dz would be 0 Å for ideal a-BN and 0.63 Å for wurtzite ZnO. The corrugation dz (Table I ) of the film does not correlate with the lattice mismatch between metal and film. The free-standing monolayer would not exhibit any corrugation within the range of residual strains observed for ZnO on the metal substrates (see Fig. 1 ). We attribute the larger corrugation of ZnO on Cu, Rh, Pd, and Pt to chemical effects such as a larger affinity for oxygen and thus a prevalence for oxide formation and the different distances between surface metal atoms and ZnO due to the varying size of the coincidence structures.
With growing number of ZnO layers on the metal substrates, the corrugation of the ZnO ultra-thin films increases. Strain in the ZnO films (Cu, Ni, Pd) facilitates the formation of a bulk-like wurtzite structure. We will restrict our investigations to the O-terminated multi-layer ZnO films on the metal substrates and investigate their stability with respect to a residual H atmosphere. A more detailed analysis of both terminations including the influence of OH and other reconstruction is deferred to future work.
The phase diagrams for different coverages of H on ZnO ultra-thin films on different metals as function of the number of ZnO layers are now analyzed by ab initio atomistic thermodynamics. 42, 43 We consider the surface free energy c 
as a function of the change of the H chemical potential,
. E tot is the total energy of the slabcalculation, N M ; N ZnO ; N H are the number of the respective species, and E M ; E bulk ZnO ; E H 2 are the reference energies of their bulk or molecular forms, obtained with the PBE þ vdW xc-functional (see SI 28 ). F vib is the vibrational free energy, S conf is the configurational entropy, p is the total pressure, and V is the total volume. The impact of these three contributions on the surface phase diagrams can be found in the literature 43 and in detail for ZnO on metal substrates in the SI. 28 The pV-term can be safely neglected. The effect on the 2 Â 1-H reconstruction is less pronounced due to the steep inclination (N H /surface sites) of its stability line in the phase diagram (Fig. 2(a) ). In Fig. 2 and for the further discussion vdW-effects, S conf and F vib are taken into account. The chemical potential is translated into partial pressures for a given, exemplary temperature (400 K) with the help of the ideal gas law and thermodynamic tables. 44 Our calculations show that the bulk terminated ZnO surface is only stable for low H 2 partial pressures. At elevated chemical potentials of H 2 , the 2 Â 1-H structure becomes the most stable surface (see Figs. 3(b) and 2 ). Disordered H distributions, H at the interface, and H adsorbed at the Zn-sites are higher in energy (see SI 28 ). With increasing H termination, the films become more and more wurtzite-like and the surface adopts the 2 Â 1-H structure. For all calculated systems, the partial pressure region for the transition from the clean (a-BN) film to the 2 Â 1-H reconstruction is shown in Fig. 2(b) . Below the colored bars (dark gray regions, lower pressures), the graphite-like films are stable, above (light gray region, higher pressures) 2 Â 1-H is stabilized. In the region marked by the bars, H-coverages larger than 0% and smaller than 50% are stable. H coverages corresponding to one H per unit cell (determined by the coincidence structure) dominate this transition regime. Our results show that for Ag at 400 K the clean surface as well as the 2 Â 1-H reconstruction could be realized experimentally for layer numbers greater than 2. Thus, the H 2 partial pressure can be used to select one of the two phases. For Cu and Ni, the structure without H and the intermediate H-coverages are reachable only at elevated temperatures. For Pd and Rh, only the 2 Â 1-H reconstruction is within experimentally accessible pressure ranges. For increased H pressures, the difference in the formation energies between systems with different numbers of ZnO layers is significantly reduced (see SI 28 ). Under experimental conditions, some of these structures could be kinetically stabilized and further growth be hindered. 38 The formation of the 2 Â 1-H reconstruction, though thermodynamically most stable, could be blocked by an energy barrier for the dissociation of H 2 at the surface.
Finally, we address the electronic structure. The comparison of the density of states for the 2 Â 1-H reconstructed ZnO (000 1) surface and the ZnO films on the metals in Fig. 4 shows that systems with 4 and more layers already resemble the 2 Â 1-H reconstructed ZnO (000 1) surface very well. The films without H retain a unique character. The electronic structure differs from the ZnO ð000 1Þ-2 Â 1-H surface and the geometry combines aspects of wurtzite and a-BN.
In summary, we have shown stable coincidence structures for bulk-terminated ZnO thin films on Ag, Cu, Pd, Ni, Pt, and Rh. The mono-layers exhibit a graphene-like a-BN structure with a pronounced corrugation depending on the lattice mismatch with the substrate. With increasing number of ZnO layers, the a-BN structure destabilizes. For increased H 2 partial pressures, the atomic and electronic structure resembles that of bulk terminated ZnO ð000 1Þ-2 Â 1-H (see Fig. 3(c) ), whereas at low H 2 partial pressures H-free graphitic ultra-thin films are stable. The choice of metal and the H 2 partial pressure are therefore two additional degrees of freedom to select between ultra-thin ZnO films, which differ from bulk ZnO, and films that resemble wurtzite ZnO and could serve as important models for the study of the ZnO (000 1)-2 Â 1-H surface.
